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ABSTRACT: Polymerization of monomer/nanoparticle dispersion, namely in situ polymerization, has been frequently used for
the fabrication of polymer nanocomposites. However, the interference of nanoparticle surface with polymerization in the course
of composite formation has been tacitly neglected. In this work, surface-functionalized ceria nanoparticles were prepared using
various capping agents: 3-(mercaptopropyl) trimethoxy silane, thioglycolic acid, 3-mercaptopropionic acid, and
hexadecyltrimethyl ammonium bromide. Both in situ and ex situ approaches were applied for surface functionalization. The
particles were dispersed into methyl methacrylate and free radical polymerization was carried out. The process of nanocomposite
formation was examined in terms of conversion, molecular weight, and molecular weight distribution. The polymerization
responded merely to the in situ functionalized particles. Regardless of the capping agents used, the particles function as a retarder
and inhibitor. Their interaction with polymerization medium showed many complexities such that molecular weight was found to
be strongly dependent on the capping agent employed.
1. INTRODUCTION
Composites of polymer matrices and nanoscale inorganic
building blocks have shown the development of new or at least
improved material properties such as high/low refractive
index,1 thermal stability,2 toughness,3 high yield strength,4
high conductivity,5 gas and solvent transport,6,7 wear and
scratch resistance,8−10 etc. Interfacial attraction has been
recognized as an important parameter for composite materials.
It determined the processability, microstructure, and accord-
ingly the macroscopic properties of the resulting material.11
This is because fundamental understanding of polymer−
inorganic interface is a critical challenge in polymer nano-
composites.
In situ polymerization has attracted considerable attention
for the preparation of homogeneous nanocomposites.11 It
involves dispersion of particles into a monomer or monomer
formulation, and then subsequent polymerization is carried out
in the presence of the nanoparticles. Mixing polymer chains and
nanosized particles at the molecular level, which is in fact the
ultimate goal for polymer nanocomposites, can be readily
achieved when this process is employed. In conjunction with
this advantage, it has been shown that the composites prepared
by in situ polymerization offer materials with better physical
properties compared to the composite prepared by simple
blending, although identical material components are used at
identical composition. Recent examples could be PMMA/ZnO
for thermal stability,12,13 polyimide/multi walled carbon
nanotubes for high conductivity,14 poly(p-phenylene benzobi-
soxazole)/multi walled carbon nanotubes for UV−vis absorp-
tion,15 and polypropylene/clay16 for better mechanical proper-
ties. The reason for the improvements in material properties
has been usually attributed to homogeneous internal structure.
Besides, we think that the improvements may also be a
consequence of interfacial attraction between particle surface
and propagating polymer chain. Considering that polymer
chains are initiated and grow in the presence of nanoparticles,
an interaction with the particle surface and reactive propagating
chain is highly possible. For instance, our group previously
proposed that hydroxyl groups available on the ZnO surface
may induce a degenerative transfer in free radical polymer-
ization of MMA initiated by 2,2′-azobis(isobutyronitrile)
(AIBN).2,17 We claimed that this interaction suppresses the
formation of chains having vinylidene end groups and head-to-
head links. Thermal stability of the composite material, as a
result, is remarkably improved compared to the same
composites prepared by blending. The interaction of
propagating radicals with surface hydroxyl groups suppresses
the undesirable gel effect, which leads to a better control over
both the heat evolution during the late stages of polymerization
and the molecular weight distribution. The improvement in
both thermal properties and the polymerization process of
PMMA/ZnO was seen as a consequence of the interaction of
surface hydroxyl groups and growing polymer chains.
According to the best of our knowledge, there is no clear
picture about the effect of other functional groups such as
−COOH, −SH, −OCH3, and aliphatic chains on the in situ
polymerization process. Therefore, it is important to under-
stand the effect of nanoparticles functionalized with these
chemical groups on the process of in situ polymerization. In
this work, organophilic ceria nanoparticles were prepared using
various capping agents 3-(mercaptopropyl) trimethoxy silane
(MPS), hexadecyltrimethyl ammonium bromide (CTAB), 3-
mercapto propionic acid (3-MPA), and thioglycolic acid
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(TGA) such that the surface of particles is varied with different
functional groups. Both in situ and ex situ approaches were
employed for surface functionalization. The surface-function-
alized particles either in situ or ex situ are referenced as
ceria(-capping agent), e.g., ceria(-CTAB), throughout the text.
The particles were dispersed into bulk MMA and the effect of
particle surface on the process of in situ bulk polymerization
was studied. MMA is a frequently used monomer in industry
for the production of commercial organic glass.18 It has been
commonly polymerized by the free radical mechanism, which is
well studied in the literature.19 Furthermore, ceria is a substrate
on which various functional groups can be chemically grafted.20
It has unique physical properties such as high refractive index,1
absorbance over UVA region,21 and high catalytic activity for
water gas shift reaction,22 fuel cells,23,24 and oxidation.25 The
combination of MMA and ceria can be a good model system to
study the reactivity of particle surface on free radical
polymerization in nanocomposite formation. Bulk polymer-
ization was carried out since it allows rapid process with high
conversion, high purity, and ease of handling.26 Conversion and
molecular weight (MW) were examined by gravimetry and gel
permeation chromatography (GPC), respectively. Thermal
decomposition was determined by thermogravimetric analysis
(TGA) and glass transition temperature (Tg) of the composites
was measured by differential scanning calorimeter (DSC).
Through these approaches we attempt to identify the
interactions of surface functionality with propagating PMMA
radicals. Polymerizations of neat MMA, MMA in the presence
of mere capping agents, and MMA in the presence of
unfunctionalized ceria nanoparticles were studied as control
systems. The overall results suggest that polymerization is
retarded in the presence of the in situ functionalized particles,
independent of the chemistry of the capping agents. Moreover,
MW and MWD were found to strongly depend on the
chemistry of capping agents.
2. EXPERIMENTAL SECTION
Materials. Ce(NO3)3·6H2O (Sigma-Aldrich) and NH4OH
(Merck) were used as precursor agents. 3-Mercaptopropyl
trimethoxy silane (MPS, Aldrich, 95%), hexadecyltrimethyl
ammonium bromide (CTAB, Aldrich), 3-mercapto propionic
acid (3-MPA, Alfa Aesar), and thioglycolic acid (TGA, Merck)
were used as capping agents. Methyl methacrylate (MMA, 99%
(GC)) and benzoyl peroxide (BPO, Fluka, purum ≥97.0% RT)
were used as monomer and initiator, respectively.
Preparation of Ceria Nanoparticles. The preparation of
in situ surface functionalized CeO2 nanoparticles has been
described elsewhere.27 Briefly, an aqueous solution of 0.05 M of
Ce(NO3)3·6H2O and 0.5 M of NH4OH were mixed. Capping
agent (2.65 × 10−5 mol) was introduced into the system right
after the achievement of homogeneous solution. The solution
was stirred for 3 h for surface functionalization. The
nanoparticles were isolated from the solution mixture by
centrifugation at 6,000 rpm for 1 h. The particles were dried in
a vacuum oven. For ex situ functionalized CeO2 particles, a two
step process was applied. First, unfunctionalized particles were
obtained by precipitation of Ce(NO3)3·6H2O and NH4OH and
the particles were dispersed into 50 mL of ethanol. This
alcoholic dispersion was sonicated in ultrasonic bath in order to
achieve better dispersion. Second, the desired capping agent
was added into the dispersion and the mixture was allowed for
surface functionalization for 12 h. The particles were obtained
by centrifugation and dried under vacuum.
Preparation of PMMA/Ceria Nanoparticle Nanocom-
posites. A sample of 30 mg of ceria powder was dispersed into
1 mL of MMA. The dispersion was sonicated for 30 min. In
order to achieve complete wetting of the particle surface, the
dispersions were kept overnight at room temperature. BPO
(1.5 wt %) was added to the dispersion after a second
ultrasonication for 30 min. Prior to polymerization, three cycles
of a freeze−thaw processes were applied. Polymerization was
performed at 60 °C and stopped after desired reaction time
(15, 30, 60, 120, 180, 240, 300, and 1020 min) by quenching to
room temperature.
Characterization. The crystal structure of synthesized
particles were characterized by Philips X′pert Pro X-ray
Diffractrometer with a Cu Kα radiation source (λ = 1.54 Å).
The average size of CeO2 crystallites was determined by
Scherrer’s equation
λ
θ
=t
B
0.9
cos (1)
where t is the diameter of the particle, λ is the wavelength of Cu
Kα radiation, and B is the line broadening. Transmission
electron microscopy (TEM) was performed using Zeiss EM
902 (Goettingen, Germany) microscope operated at 80 kV.
Fourier transform infrared (FTIR) spectra were registered by
Scheme 1. Synthesis of CeO2 Nanoparticles Showing In Situ and Ex Situ Surface Functionalization Processes Step-by-Step
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using a Perkin-Elmer Spectrum 100 instrument (Perkin-Elmer,
Massachusetts) within 4000−400 cm−1 wavenumber, 20 scans,
and resolution of 4 cm−1. The size distributions of particles
dispersed in MMA were investigated by dynamic light
scattering (DLS) Malvern Zetasizer Nano-ZS Nano Series
(Malvern, Worcestershire). The viscosity and refractive index of
the medium were specified as 0.584 mPa·s and 1.414 (20 °C),
respectively. Differential scanning calorimetry (DSC) was
performed by using TA Instrument Q10 (New Castle),
operating between 25 and 250 °C by an increment of 10 °C·
min−1. Thermogravimetric analysis was utilized in a Perkin-
Elmer Diamond TG/DTA thermobalance (Perkin-Elmer,
Massachusetts) by heating from room temperature to 1000
°C at a heating rate of 10 °C·min−1. Conversion of MMA to
PMMA was determined gravimetrically. Initial weight of
polymerization reactor including test tube, monomer, initiator,
and ceria nanoparticles is subtracted from the final weight of
the reaction system after complete removal of residual
monomer under vacuum. AFM measurements were performed
by Nanoscope IV (Digital Instruments-MMSPM, New York)
instrument in tapping mode scanning 5 × 5, 3 × 3, and 1 × 1
μm2 area, respectively.
3. RESULTS
3.1. Preparation of Surface Functionalized CeO2
Particles. The in situ polymerization process is based on the
dispersion of nanoparticles in monomer or monomer solution.
When inorganic particles are dispersed into a liquid medium,
they gradually sediment due to their higher density compared
to that of the organic medium. Sedimentation disturbs the
stability of the dispersion and the concentration of particles will
no longer be uniform throughout the dispersion volume.
Surface functionalization has been usually applied to prevent
sedimentation. There are two main approaches for surface
functionalization of nanoparticles: (i) in situ and (ii) ex situ.
Scheme 1 shows a cartoon demonstration of both approaches
we employed in this study. In former, the precursors
[Ce(NO3)3·6H2O and NH4OH] and a capping agent are
added to the reaction medium at the beginning of the reaction.
Nanosized ceria particles are nucleated, grown, and surface-
functionalized in the same medium at one single step. On the
other hand, the latter approach takes two steps. First, neat ceria
particles are synthesized and these particles are isolated from
the reaction mixture. Second, they are redispersed in ethanol,
and allowed for surface functionalization. The main difference
of both approaches lies in timing of capping agent addition into
the reaction medium. This difference in the procedure causes
severe changes both in morphology and in physical properties
of the resulting materials. Table 1 presents the results of
characterization of the particle obtained by both approaches.
Four different capping agents were employed in this study for
surface functionalization. Their structures are presented in
Scheme 2. X-ray diffraction (XRD) pattern of the function-
alized CeO2 nanoparticles is shown in Figure S1. The
reflections in both diffractograms were perfectly indexed with
cubic ceria structure (JCPDS Card No. 81-0792). Crystal size
was determined by using Scherrer’s equation, and the results
are given in the first and the fourth column of Table 1. The size
of in situ functionalized particles varies between 4 and 10 nm;
on the other hand, the one of ex situ functionalized particles lies
in a narrow range of 9−11 nm. Capping agents in the process
of in situ functionalization chemically grafts to the surface at
early stages of particle formation and suppressed the
undesirable particle growth, therefore smaller crystals are
observed. The relative height of the XRD reflections coming
from (111) and (200) planes hints about the geometrical shape
Table 1. Characteristic Properties of Synthesized the Ceria Nanoparticles and Particle Domains
in situ ex situ
crystal sizea
(nm)
hydrodynamic radiusb
(nm)
graft densityc
(molecules/nm2)
crystal sizea
(nm)
hydrodynamic radiusb
(nm)
graft densityc
(molecules/nm2)
unmodified ceria 8 600 no grafting 11 110 no grafting
ceria(-MPS) 4 40 2.5 11 260 negligible grafting
ceria(-CTAB) 10 20 0.9 9 90 0.1
ceria(-MPA) 6 600 2.4 11 120 0.8
ceria(-TGA) 6 600 4.1 10 100 3.9
aCrystal size from XRD estimated by Scherrer’s equation. bMean diameter of number distribution obtained from DLS in MMA. cGraft density
estimated by mass loss and size of the particles.
Scheme 2. Molecular Structures of the Capping Agents
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of crystallite of the particles.28 It is usually assumed that at early
stages of particle formation, ceria particles have octahedral
morphology having (111) and (200) planes.29 The addition of
capping agents interferes with the development of ceria
nanocrystals. In the process of in situ functionalization, capping
agents may selectively adsorb to the (200) plane so that growth
of the crystal through the (200) plane is suppressed. Then, the
(111) plane grows relatively faster, and eventually, a cubic
structure is formed. In the process of ex situ functionalization,
on the other hand, the particles have cubohedral structure as in
the case of unfunctional particles. Since the particles are already
matured when the capping is added, the addition of capping
agents has almost no influence on the final morphology of the
ceria particles, at least in the range of the conditions we
employed. Figure 1 presents TEM micrographs of in situ and ex
situ functionalized ceria nanoparticles. The former ones are
smaller and more uniform in terms of size. The size observed
on TEM images is in the same line with the result of XRD.
Surface chemistry of the in situ functionalized particles was
studied by vibrational spectroscopy. FTIR provides information
about the functional groups present on the particle surface. The
spectra of both in situ and ex situ functionalized particles were
compared with the spectrum of neat capping agents. The
wavenumbers of vibrational bands are given in Figure S2. The
appearance/disappearance or the shifting/broadening in the
characteristic vibrations of pure surfactant molecules may
provide information about the interaction of capping agents
with the particle surface.27 The unfunctionalized particles have
−NH2 and −CH2 stretching most probably due to the presence
of residual NH4OH and ethanol molecules coming from the
preparation steps. All of the capping agents (except CTAB)
have −SH groups. TGA and MPA are structurally similar
capping agents. They have −COOH end groups, which appear
at around 1550 cm−1. The capping agent grafts to the surface
via −COOH groups, and −SH becomes available on the
particle surface. The vibration of SH is generally observed
around 2800−2500 cm−1. This band is not resolved in our
spectra of thiol containing capping agents due to the low molar
absorption coefficient on the particle surface.23 In the spectrum
of MPS functionalized particles, a new band approximately at
1100 cm−1 appears, which can be attributed to the Si−O−C
bond. The formation of this band can suggest that MPS
chemically grafts to the particle surface. In the spectrum of
CTAB-capped particles, the vibration of −CH2 bending at 1346
cm−1 is remarkably enhanced. Moreover, a Coulombic
interaction can be formed between quaternary ammonium
salt and ceria surface. The overall results based on vibrational
spectroscopy indicate that the particle surface is indeed
functionalized with these capping agents. Note that vibrational
spectroscopy is a qualitative technique that shows the presence
of the capping agents on the particle surface; however, it does
not give information about the mechanism of interaction and
quantitative information about the density of the capping
agents on particles surface.
The level of particle dispersion in MMA was studied by DLS.
Mean diameter of neat, in situ functionalized, and ex situ
functionalized ceria particles are shown in the third and sixth
column of Table 1. The unfunctionalized particles exhibited
large particle domains. The mean diameter is nearly 0.1 μm and
the tail of distribution extends to several micrometers. Hydroxyl
groups inevitably present at the surface of the particles may
cause severe particle aggregation due to strong hydrogen
bonding interactions between the particles coupled with poor
compatibility of the particles with the surrounding monomer.
Functional groups on the particle surface may strenghten this
interaction and results in better dispersibility of the particles.
For instance, the diameter of particles functionalized with MPS
and CTAB in situ have average size of 40 and 20 nm,
respectively. These capping agents make the particle surface
hydrophobic enough to disperse the particles as small domains.
In case of MPA and TGA functionalized particles, the domain
size is on the order of half μm. This size is very large, i.e. surface
functionalization makes the dispersibility worse than the
unfunctionalized particles. It can be claimed that capping
agents are hydrophilic so the capped particles accordingly have
hydrophilic nature. This is because the particles undergo
aggregation and show large domain size. On the other hand, the
domain size of ex situ modified particles, regardless of the
capping agents employed, was found to be in the range of
0.10−0.25 μm. Thus, they are not sufficiently functionalized
with organophilic capping agents.
Sedimentation of the particles is related to dispersibility of
the particles, which strongly depends on both particle size and
enthalpic interaction of particle surface with surrounding
Figure 1. Structural models of (a, b) in situ and ex situ functionalized
particles and TEM micrographs of in situ and ex situ (c, d) MPS, (e, f)
CTAB, (g, h) MPA, and (i, j) TGA functionalized CeO2 nanoparticles.
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medium. Smaller particle size and high interfacial attraction
provide colloidal stability that remarkably retards the
undesirable sedimentation. Among the all particles employed
in this research, ceria(-CTAB) functionalized in situ, the
smallest particles, provided the most stable colloidal stability in
MMA.
Thermogravimetric analysis under nitrogen flow was studied
for thermal degradation of both in situ and ex situ
functionalized cerium oxide nanoparticles. Figure 2 shows a
representative thermogram showing the mass loss of CTAB-
functionalized CeO2 nanoparticles prepared by both in situ and
ex situ approaches. While 6% mass loss in TGA of in situ
functionalized ceria (-CTAB) particles occur at 500 °C, the
same amount of mass loss is seen at 300 °C when particles are
functionalized ex situ. Thus, in situ functionalized particles turn
out to be thermally more stable than the one prepared by ex
situ functionalization. The capping agents are more tightly
adsorbed to the particle surface in the process of in situ
functionalization opposing to the ones used in ex situ
functionalized particles. By knowing the mass loss of capping
agents on the particle surface and the particle domain size from
DLS, the graft density of the capping agents on the particles can
be estimated assuming monolayer coverage on the spherical
ceria particles. On the basis of this calculation, the graft density
of capping agents is listed on the column fourth and seventh of
Table 1. The graft density of particles lies in the range of 0.9−
4.1 molecules/nm2 for in situ approach. However, the density
for the agents varies in between 0.1 and 3.9 molecules/nm2.
This result suggests that in situ approach allows denser surface
functionalization compared to the ex situ approach.
3.2. In Situ Polymerization of CeO2/MMA Dispersion.
Both in situ and ex situ functionalized CeO2 particles were
dispersed in MMA separately by keeping the weight fraction of
particles at 0.03 with respect to MMA for each of particle/
MMA dispersion. The dispersions were subjected to bulk
polymerization initiated by BPO at 60 °C. The rate of
polymerization, MW, and MWD were examined separately for
neat MMA, MMA in the presence of capping agents only
without the particles, MMA dispersion consisting of
unfunctionalized, in situ functionalized, and ex situ function-
alized ceria particles.
3.2.1. Conversion. At the initial stages of the experiments,
the polymerization was carried out at 80 °C. The
decomposition of BPO at this temperature was fast (t1/2 =
1.4 h at 85 °C)30 such that the complete conversion is achieved
in a short time period (30 min, see Figure S3). The effect of
particles on the polymerization lost its significance, and the
temperature therefore is reduced to 60 °C, where t1/2 = 100 h.
31
The conversion of MMA only (reference system) as a function
of polymerization time is presented in panel a of Figure 3 with
the dashed line. Not surprisingly, a sigmoidal increase with
respect to time was obtained in the conversion curve most
probably due to gel or Trommsdorf-Norrish effect. In free
radical polymerization of vinyl monomers, the gel effect is
commonly observed. Termination of a propagating radical is
diffusion-controlled. As MMA is polymerized, the viscosity of
the medium increases, and the medium is then saturated with
the amount of propagating radicals. The rate of termination
dramatically decreases. The exothermic nature of addition
polymerization triggers the propagation step; hence, autoaccel-
eration of polymerization inevitably takes place. However, in
the presence of particles (both unfunctionalized- and function-
alized-CeO2 ones), the autoacceleration appears at longer
times. Particles of hard solid spheres in the polymerization
medium may increase the viscosity of the polymerization
mixture and hinder the diffusion of the radical chains so that
polymerization is retarded by the particles regardless of the
capping agents employed. Moreover, lower conversion was
observed in nanocomposite formation compared to the
reference system. This result suggests that in situ functionalized
particles showed inhibition for the polymerization. However,
the presence of ex situ functionalized ceria particles has no
remarkable effect on the polymerization process (panel b). The
reason of this result might be due to the loose and scarce
grafting of the capping agents onto the particle surface.
3.2.2. Molecular Weight and Molecular Weight Distribu-
tions (MWD). Figure 4 demonstrates MWDs of PMMA
synthesized in the presence of unfunctionalized and function-
alized particles (both in situ and ex situ ones). For comparison,
the same polymerization was carried out in the presence of neat
capping agents only without the ceria particles. In addition,
Figure 2. Thermogram of CTAB-capped ceria particles prepared by in
situ and ex situ.
Figure 3. Conversion of MMA in the presence of (a) in situ and (b) ex
situ functionalized CeO2 nanoparticles. The result of PMMA is shown
in panels a and b as solid and dashed lines for comparison.
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Table 2 gives number average molecular weight (Mn) and
polydispersity index (PDI) of the MWDs given in Figure 4.
Capping Agents Only without the Ceria Particles. Panel a
of Figure 4 shows MWDs of PMMA obtained in the presence
of capping agents as well as reference PMMA (MMA only).
PMMA obtained from the refence system has a wide bimodal
distribution and the MW appears to be very high at 2.2 × 106
g mol−1. It is well-known that bulk polymerization is an
uncontrolled way of polymerization such that chain population
is not uniform and composed of both small and large chains.
PMMA obtained in the presence of CTAB has a higher MW
(4.6 × 106 g mol−1). Ghosh and Maity proposed a
complexation taking place between BPO and CTAB in the
free-radical polymerization of MMA.32 This complexation
involves Coulombic interaction of BPO and cationic end of
CTAB that causes bond breakage between oxygen atoms of
peroxide (Figure S4). Then, the resulting cationic group
behaves itself as a radical by leaving the complex. The colorless
polymerization mixture turned into yellow upon this complex-
ation. As a result, the efficiency of BPO was reduced so that
higher MW chains are obtained. On the other hand, the PMMA
chains obtained in the presence of thiol-containing agents
appear to have lower molecular weight. The molecular weight
of PMMA chains obtained in the presence of TGA, MPA, and
MPS was 1.4 × 106, 1.5 × 106, and 2.1 × 106 g mol−1,
respectively. It is well established that classical transfer agents
reduce the molecular weight. Thiols have been recognized as
chain transfer agents. The reactivity of a propagating radical is
transferred to the sulfur atom. The sulfur radical is stable, and
further propagation with a fresh monomer is not favor-
able.31,25,30 Since small molecules diffuse faster in polymer-
ization, the function of the thiol in such molecules appears to
be more efficient. Thus, the smaller the molecule is, the lower
the MW.
Unfunctionalized Particles. For PMMA composites pre-
pared with unfunctionalized particles, Mn was found to be 2.6 ×
106 g mol−1. This MW is higher than that of the reference
PMMA. Vibrational spectroscopy confirmed the interaction
between BPO and ceria particle surface. Figure 5 presents the
FTIR spectra of unfunctionalized particles, BPO itself, and
unfunctionalized particles treated with BPO at 60 °C. The
unfunctionalized particles have weak and broad signals, i.e., do
not have specific feature in this segment of the spectrum. On
the other hand, BPO shows characteristic sharp vibrational
signals. The fingerprint signals of BPO were found to be
broadened and significantly shifted in BPO-treated ceria
particles. For example, the stretching of the CO group of
BPO is shifted from 1754 to 1719 cm−1 and full width half-
maximum of this signal is broadened ∼15 cm−1. The change in
this spectral signal indicates the occurrence of a strong
interaction of BPO with the ceria particle surface such that
the efficiency of the initiator decreases. Thus, the chains
synthesized in the presence of functionalized particles appear
heavier than the reference PMMA.
In Situ Functionalized Particles. Panels b and c of Figure 4
show the MWDs of polymer obtained when in situ and ex situ
Figure 4. Molecular weight distribution of PMMA in presence of (a)
cerium oxide functionalized in situ, (b) capping agents, and (c) ex situ
over 1020 min of polymerization.
Table 2. Number Molecular Weight (Mn) and Polydispersity Index (PDI) of PMMA in the Presence of Neat Capping Agents,
and Cerium Oxide Functionalized In Situ and Ex Situ over 1020 min of Polymerization
capping agent in situ ex situ
sample
Mn/g mol
−1
(×10−5)
PDI
(Mw/Mn) sample
Mn/g mol
−1
(×10−5)
PDI
(Mw/Mn) sample
Mn/g mol
−1
(×10−5)
PDI
(Mw/Mn)
neat PMMA 2.2 3.0
unfunctionalized ceria 2.6 1.9
MPS 2.1 1.7 ceria(-MPS) 2.9 2.2 ceria(-MPS) 2.8 2.3
CTAB 4.6 1.9 ceria(-CTAB) 2.7 2.3 ceria(-CTAB) 2.9 2.3
MPA 1.5 1.8 ceria(-MPA) 1.3 3.0 ceria(-MPA) 2.1 2.3
TGA 1.4 2.2 ceria(-TGA) 1.6 2.9 ceria(-TGA) 3.1 2.1
Figure 5. FTIR spectra of (a) unfunctionalized CeO2, (b) BPO, and
(c) CeO2−BPO particles.
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funtionalized particles are used, respectively. A vertical line is
shown passing through the mean of the distribution of PMMA
(reference system). In the case of ceria(-CTAB), Mn is 2.7 ×
106 g mol−1. The chains are heavier than the reference PMMA
and lighter than the chains obtained in the presence of free
CTAB. This result suggests that CTAB is still active in the
aforementioned complexation with BPO when it is immobilized
to the particle surface; so that, higher molecular weight than the
reference PMMA was obtained. On the other hand, its function
remarkably decreases compared to the one obtained in the
presence of free CTAB without ceria particles most probably
due to steric hindrance. As a result, molecular weight appears to
be lighter.
+ →complexation BPO CTAB(surface)
BPO: CTAB(surface)
The use of thiol-capped particles yields PMMA chains that
have a lower MW than that of the reference. The surface thiol
groups are usual suspect for the decrease in MW. The
propagating MMA radical is transferred to particle surface and
further propagation is prevented.
• + → • +
chain transfer
R HS(surface) S(surface) RH(dead chain)
However, the function of the thiol-capped particles in
polymerization is varied and is somewhat different from their
role when they are free in the monomer without particles. For
example, although TGA was the most effective transfer agent
used in this study due to its smaller size, ceria(-MPA) as a chain
transfer agent functions more effectively than ceria(-TGA).
Both MPA and TGA have a similar structure as well as similar
grafting to the particle surface via carboxylic acid. In contrast to
TGA, MPA has CH2 as its spacer group. When they are
immobilized to the particle surface, ceria(-MPA) provides
better mobility and flexibility for the thiol end-group and
correspondingly better function in the transfer reaction.
Another example for the variation of the role of the capping
agents in polymerization when they are immobilized to the
particle surface could be the role of ceria(-MPS). Surprisingly, it
has almost no chain transfer function. Thiol is a good
nucleophile, and it has tendency to attack silane groups in
the molecule. In fact, the thiol group particularly becomes even
more nucleophilic in a basic medium, which is the case for our
particle synthesis where NH4OH is a precursor. MPS molecules
on the particle surface undergo self-condensation between the
silane and thiol groups33 and methanol is eliminated as a result
of condensation. Thiol is, therefore, blocked by silane, and the
function of MPS as a transfer agent is suppressed.
Ex Situ Functionalized Particles. Mn of PMMA obtained in
the presence of ex situ functionalized particles was found in
between 2.1 and 3.1 × 106 g mol−1. This range is relatively
narrow compared to the chains produced in the presence of in
situ functionalized particles (1.3−2.9 × 106 g mol−1). There-
fore, the ex situ functionalized particles are not as effective as
the in situ functionalized ones in the development of molecular
weight. A similar result was also obtained for the conversion
data (Figure 3). While in situ functionalized particles cause
retardation and inhibition in conversion, the ex situ function-
alized particles did not have a remarkable effect on conversion.
Yet, FTIR revealed the adsorption of the capping agents on the
particles, and TGA confirmed the presence of the capping
agents on the particle surface. The reason for the inertness of
the ex situ functionalized particle in the polymerization process
may lie on the surface feature, i.e., the process of
functionalization. While monolayer coverage of the capping
agents can be achieved for the in situ functionalized particles,
similar homogeneity cannot be obtained for the ex situ
functionalized ones. In the process, the surface functionalization
is carried out for the isolated and redispersed particles;
therefore, the particles remain as aggregated and functionaliza-
tion takes place for the large aggregated particle domains
instead of functionalization of the single individual particles.
Moreover, the capping agent molecules may not be distributed
evenly throughout the surface of ex situ functionalized particles;
rather, clusters of the capping agents may be adsorbed to the
particles surface sparsely. Thus, the heterogeneous surface
functionalization passivate neat ceria surface, however, does not
contribute to the free radical polymerization.
3.3. Level of Nanoparticle Dispersion in PMMA. The
dispersibility of particles in a polymer matrix is a key point in
PNC. AFM was employed for the determination of the
dispersibility of the particle domains. Table 3 shows the average
diameter of particle domains measured by tapping mode AFM
images. Figure 6 shows a representative set of the phase image
of nanocomposites containing both in situ and ex situ
functionalized ceria(-TGA) particles at 3 wt %. In comparison
to the particle size in MMA (see DLS results in Table 1), the
domain size of both types of particles in PMMA appears to be
smaller. Independent of the surface chemistry and approach
employed in surface functionalization, the particles showed
good dispersion in the polymer matrix. The domain size is <50
nm, which is 1 order of magnitude smaller that their size in
MMA. We think that the smaller domain size in the polymer
might be the result of subsequent freeze−thaw processes we
applied three times prior to in situ polymerization. Quenching
the particle/MMA dispersion to very low temperature (to the
temperature of liquid nitrogen) and subsequent heating to RT
causes a serious volumetric change. Even if the nanosized
Table 3. Particle Domain Size in PMMAa
particle domain size in PMMA
Ceria particles used in the composites in situ ex situ
unfunctionalized ceria 27 ± 4 25 ± 9
ceria(-MPS) 48 ± 12 61 ± 10
ceria(-CTAB) 21 ± 6 21 ± 4
ceria(-TGA) 21 ± 3 29 ± 6
aThe measurement is based on the statistical treatment of particles
domains in tapping mode AFM phase images.
Figure 6. AFM images of in situ (a) and ex situ (b) TGA
functionalized CeO2 nanoparticles.
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particles contribute to the formation of aggregates/agglomer-
ates, they eventually deagglomerated by the end of this freeze
and thaw process.
3.4. Thermal Properties of the Nanocomposites.
Figure S5 shows degradation profiles of the PMMA composites
in air. Based on these profiles, the derivative of thermal
degradation (DTG) of both neat PMMA and PMMA/CeO2
composites prepared by in situ functionalized nanoparticles was
obtained (Figure 7). Three discrete degradation steps were
clearly observed in the thermogram at around 160, 280, and
370 °C. This result agrees perfectly with the literature of the
decomposition of PMMA.34,35 It is well established that the
mechanism of radical termination in polymerization process has
strong influence on the thermal properties of the resulting
composite material. There are two termination mechanisms: (i)
combination and (ii) disproportionation.30 Both reactions yield
abnormal linkages. The former one gives head-to-head linkages;
in fact head-to-tail is the normal type of bonding for
monomeric units. The latter one presents vinylidene end
chains that unzip the chain under degradation conditions.
These first two mass losses correspond to the decomposition of
the head-to-head linkage and the unzipping of the vinylidene
chain end, respectively. The main mass loss occurs around 370
°C due to the random chain scission. The intensity of this
signal decreases for the chains obtained in the presence of ceria
nanoparticles (both unfunctionalized and functionalized ones)
and may be correlated with the molecular weight of the in situ
formed PMMA chains. For example, when thiol capped ceria
particles are used, the intensity of the signal decreases. The
degradation of lower molecular weight chains readily occurs so
that the intensity of the mass loss at 370 °C increases as the
molecular weight decreases.
Interfacial attraction between particles and the surrounding
PMMA matrix has significant influence on many macroscopic
properties for instance glass transition temperature (Tg) of the
polymer composites. The presence of the nanoparticles might
demonstrate either attractive or repulsive interaction; thus, a
change in Tg is an evidence of these interactions. DSC can
provide information about the comparative interaction of the
particles functionalized either in situ or ex situ with the
surrounding polymer matrix. When this interaction is attractive,
polymer chains those are directly in contact with nanoparticles
are decelerated and an increase in Tg occurs.
36 DSC curve and
the value of each composite were given in Figure S6 and Table
4, respectively. The effects of neat surfactants on Tg of the
polymer were given in the second column of Table 4. While Tg
of neat PMMA was 108 °C, this temperature decreased to 103,
98, and 96 °C in the presence of capping agents MPS, MPA,
and TGA. The addition of free capping agents without grafting
to ceria nanoparticles decreases the Tg value. The capping
agents are smaller molecules compared to PMMA chains and
they act as a plasticizer that may reduce Tg. The glass transition
temperature is increased to 116 °C when PMMA is prepared in
the presence of unfunctionalized particles most probably due to
the interaction between surface hydroxyls and the acrylate
group of the PMMA chains. Similarly, a remarkable enhance-
ment in the Tg value was observed by the addition of particles
regardless of the surface feature (column four and five of Table
4). An increase in Tg can be the consequence of interactions
between free functional −SH groups of the capping agents and
carbonyl group of PMMA chains. In contrast, there is no any
remarkable change between Tg of the polymer chains
synthesized by the presence of neat CTAB and CTAB
functionalized CeO2 nanoparticles. The plasticizing effect of
aliphatic chains-C18 may offset the increase of Tg due to the
presence of nanoparticles. The composites prepared by ex situ
functionalized particles do not show strong variation in Tg and
lie between 111 and 117 °C, considering the Tg of composites
prepared by unfunctionalized particles is 116 °C. One can
conclude that the interaction of the ex situ functionalized
particles and surrounding PMMA chains is lower compared to
the interaction with in situ functionalized ones with the PMMA
matrix.
4. CONCLUSION
PMMA composites including ceria nanoparticles were prepared
by free radical in situ bulk polymerization using BPO as
initiator. Surface functionalization of the CeO2 nanoparticles
was carried out using various surfactant molecules having
different chemistry (TGA, MPA, MPS, and CTAB) employing
both in situ and ex situ approaches. We have shown that how
the particle surface functionalization is performed plays a
decisive role in the polymerization process. While in situ
functionalized CeO2 nanoparticles contributed to polymer-
ization, the influences of ex situ functionalized ones were not
noteworthy although the same surfactant molecules were used
with the same amount. For example, in situ functionalized
particles cause retardation and inhibition in the polymerization;
however, a remarkable influence was not observed when ex situ
functionalized particles were employed. The result is
Figure 7. DTG curves of thermal decomposition of neat PMMA and
its composites prepared by both unfunctionalized and functionalized
CeO2 nanoparticles.
Table 4. Glass Transition Temperatures (Tg/°C) of PMMA
Prepared in the Presence of Capping Agents, Ceria
Nanoparticles Surface Functionalized Both In Situ and Ex
Situ Approachesa
sample
PMMA
with
capping
agent sample
PMMA with in
situ
functionalized
ceria
PMMA with ex
situ
functionalized
ceria
MPS 103 ceria(-MPS) 123 111
CTAB 115 ceria(-CTAB) 114 117
MPA 98 ceria(-MPA) 117 116
TGA 96 ceria(-TGA) 123 113
aNote that Tg of the PMMA composite prepared by unfunctionalized
ceria particles is 116 °C.
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presumably due to the fact that the in situ approach provides
densely and homogeneously covered the particle surface. The
freeze and thaw process was found to be useful in the process of
in situ polymerization. It causes severe deagglomeration, even
for the unfunctionalized particles that strongly contribute to
aggregation/agglomeration in MMA. A systematic study
focusing on the effect of the substrate (silica, zincite, and
titania), level of particle loading, polymerization temperature,
and type of free-radical initiator may shed light on the detailed
mechanism of the process of in situ polymerization.
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